INTRODUCTION

S
epsis is among the most common causes of death in hospitalized patients. Its death toll is in the same range as that of myocardial infarction (8) . In the United States, the rate of hospitalization of patients with sepsis or septicemia increased by 70% from 221 (in 2001) to 377 (in 2008) per 100,000 population (100), and the incidence of severe postoperative sepsis trebled from 0.3% to 0.9% (16) . Sepsis is especially common in the elderly and is likely to increase substantially as the population ages (8, 100) . Nearly 90% of people in North America are not familiar with the term "sepsis," and of those who are, most are not aware that sepsis is a leading cause of death (232) .
Sepsis has been called a hidden public health disaster (7) . Patients who survive sepsis bear an underrecognized risk of physical and cognitive impairment (119) and suffer a more-than-doubled risk of dying in the following 5 years compared with hospitalized controls (213) . According to the Centers for Disease Control and Prevention, in 2008, an estimated $14.6 billion was spent on hospitalizations for sepsis in the United States, and from 1997 to 2008, the inflationadjusted aggregate costs of the treatment of patients hospitalized for this condition increased on average annually by 11.9% (100) .
Sepsis arises from the host response to infection, which is directed to kill the invading pathogens. For this reason, patient outcomes from sepsis are determined not only by the viability of the invading pathogen, which can be directly toxic and destructive to tissue, but also even more so by the host response, which may be exuberant and result in collateral organ and tissue damage ( Fig. 1) , because the highly potent effectors do not discriminate between microbial and host targets (190) . Over the last decades, the understanding of pathogen-host interactions and inflammation has increased considerably (177, 281) . Basic and clinician scientists hoped for a therapeutic breakthrough, and billions of dollars were invested by the pharmaceutical industry in the development of innovative, adjunctive sepsis therapies. However, so far, none of the numerous interventions that achieved a modulation of the host response and led to improved survival in animal models of sepsis were successful in the clinical setting (57) . Drotrecogin alfa (activated protein C), the only approved drug specifically indicated for the treatment of severe sepsis, was withdrawn from the market in 2011 (6) , because the positive findings of improved patient outcomes from earlier trials (21) could not be confirmed by follow-up studies.
Sepsis is still defined and diagnosed by nonspecific alterations in physiology, including changes in temperature and heart and respiration rates, and not by the specific cellular processes that would be amenable to specific interventions. This also makes it difficult to identify appropriate patients for the evaluation of such innovative interventions. The disconnect between the identification of new therapeutic targets and the shortcomings of the currently available diagnostic tools was elegantly criticized previously by pointing to the fact that "it makes no sense to use twenty-first century technology to develop drugs targeted at specific infections whose diagnosis is delayed by nineteenth-century methods" (190) . Moreover, the diagnostic uncertainty may contribute to delays in the initiation of lifesaving standard therapies such as the administration of appropriate antibiotics (135) and may further increase the mis-and overuse of antimicrobial agents.
Therefore, the development of sepsis-specific biomarkers and molecular diagnostics for the assessment of the host response and for pathogen detection is expected to foster both drug development and the improved clinical management of sepsis. Because the complex pathophysiology of sepsis involves almost all cell types, tissues, and organ systems, it is not surprising that a recent systematic search identified nearly 180 distinct molecules that have been proposed as potential biological markers of sepsis
FIG 1
The inflammatory response. This simplified overview shows the course of the inflammatory response. An insult triggers the release of PAMPs (pathogenassociated molecular patterns) and/or DAMPs (danger-associated molecular patterns), which are sensed by pattern recognition mechanisms such as receptors (pattern recognition receptors (PRRs) on the cell surface or within the cytosol or nucleus of sensor cells as well as by pattern-recognizing complex systems such as the complement system and others. Therefore, sensors can be different types of cells, tissues/organs, or proteins/other molecules, which themselves may function as effectors to modulate the immune response through various different pro-or anti-inflammatory mediators or biomarkers. As a result, the underlying insult can be cleared or not, and organ function may be temporarily or permanently impaired. LPS, lipopolysaccharide (part of the membrane of Gram-negative bacteria); LTA, lipoteichoic acid (part of the cell wall of Gram-positive bacteria); HMGB1, high-mobility-group protein B1; C5a and C3a, complement components 5a and 3a; C5aR, C5a receptor protein; C5b-9, terminal complement complex; aPPT, activated partial thromboplastin time; PT, prothrombin time; AT, antithrombin; ELAM-1, endothelial leukocyte adhesion molecule 1; ICAM-1, intercellular adhesion molecule 1; CRP, C-reactive protein; LBP, LPS-binding protein; PCT, procalcitonin; IL-6, interleukin-6; MIF, macrophage migration inhibitory factor; sTNF, soluble tumor necrosis factor; suPAR, soluble urokinasetype plasminogen activator receptor; sTREM-1, soluble triggering receptor expressed on myeloid cells 1; mHLA-DR, monocytic human leukocyte antigen DR; CD64 and CD48, integral membrane glycoproteins; DIC, disseminated intravascular coagulation. (207) . However, only 20% of these biomarkers have been assessed specifically in appropriate studies for use in the diagnosis of sepsis (207) . Here, we discuss how the understanding of sepsis has evolved over time and to which degree currently available sepsis biomarkers may help to overcome the present diagnostic uncertainty. We address how new insights into the pathogenesis of sepsis may help in the development of sepsis-specific biomarkers and how this may also impact the identification and development of new therapeutic targets.
HISTORICAL DEVELOPMENT OF THE UNDERSTANDING OF SEPSIS
The word "sepsis" was derived from the ancient Greek for rotten flesh and putrefaction. Without using the term, the Greek physician Hippocrates (460 to 370 BC) was probably the first to describe the clinical course of septic shock ("when continuing fever is present, it is dangerous if the outer parts are cold, but the inner parts are burning hot") (99) . The Florentine philosopher Niccolò Machiavelli (1469 to 1527) described the difficulty in the diagnosis and treatment of sepsis as follows: "as the physicians say it happens in hectic fever, that in the beginning of the malady it is easy to cure but difficult to detect, but in the course of time, not having been either detected or treated in the beginning, it becomes easy to detect but difficult to cure" (164) . In 1546, the Italian physician Girolamo Fracastoro formulated the concept of contagion by proposing that epidemic diseases could be communicated by direct or indirect contact and from a distance through the air, the causative agents being invisible seeds or germs (257) . When microscopic observations became possible, Anthony van Leeuwenhoek was the first to publish illustrations of bacteria scraped from human teeth (1683) (257) . In 1847, Hungarian physician Ignaz Semmelweis, following the observation of increased puerperal fever in parturients treated by obstetricians who took part in autopsies, introduced antiseptic practices before patient exams. The washing of hands with a solution of lime reduced the mortality rate of puerperal fever from 18% to 3% (105) . This likely represented the first clinical trial in infectious diseases ever performed. In the second half of the 19th century, the germ theory was confirmed by Robert Koch and Louis Pasteur, and in 1879, Louis Pasteur announced to the French Academy that Streptococcus causes puerperal sepsis. He also proposed preventing the entry of microorganisms into the human body, leading Joseph Lister to develop antiseptic methods in surgery (154) . It was only fully understood during the last century that the "Black Death," one of the most devastating pandemics in human history, which began its move from western Asia through Europe in the 14th to 15th centuries, was caused by septicemia due to Yersinia pestis (78) . Richard Pfeiffer (1858 to 1945), working with Robert Koch in Berlin, Germany, intellectually and experimentally conceived the concept of endotoxin as a heat-stable bacterial poison responsible for the pathophysiological consequences of certain infectious diseases. In 1909, L. Jacob published the first 12 cases of patients with Gram-negative sepsis caused by Escherichia coli, 50% of whom died (120) . In 1914, Hugo Schottmüller provided the first scientific definition of sepsis: "sepsis is a state caused by microbial invasion from a local infectious source into the bloodstream which leads to signs of systemic illness in remote organs" (241) . According to this definition, bacteremia was a conditio sine qua non to the diagnosis of sepsis. This notion did not change significantly over the years. Sepsis and septicemia were considered to refer to a number of ill-defined clinical conditions in addition to bacteremia, and in practice, the terms were often used interchangeably. However, fewer than one-half of the patients who have signs and symptoms of sepsis have positive blood culture (BC) results or other microbiological proof of an infectious focus (42, 81, 239, 288) . William Osler (1849 to 1919) was the first to recognize the important role of the host response in sepsis: "except on few occasions, the patient appears to die from the body's response to infection rather than from the infection." This insight represented an important milestone in the modern understanding of the role of the host response to an infection.
EVOLUTION OF THE UNDERSTANDING OF SEPSIS IN THE INTENSIVE CARE ERA
Sepsis is the most common cause of multiple-organ failure. It is a syndrome that emerged only after intensive care units (ICUs) that delivered lifesaving organ support, such as mechanical ventilation or renal replacement therapy, were established. In the pre-ICU era, most patients with acute sepsis and septic shock ultimately died from irreversible shock within short time periods, without any chance for the development of progressive multiple-organ failure. In 1975, a classic editorial by A. Baue, entitled Multiple, Progressive or Sequential Systems Failure, a Syndrome of the 1970s (17), described a new clinical syndrome which was unknown in the pre-intensive-care era. Several terms were coined thereafter, such as multiple-organ failure, multiple-system organ failure, and multiple-organ system failure, to describe this evolving clinical syndrome of otherwise unexplained progressive physiological failure of several interdependent organ systems (86) . More recently, the term multiple-organ dysfunction syndrome (MODS) was proposed as a more appropriate description (148, 168) . The increasing incidence of Gram-positive sepsis and fungal sepsis during this era led to the understanding that not only endotoxin but also other exogenous factors, such as peptidoglycan and lipoteichoic acid, play an important role in the host response to sepsis (27) .
The discovery that the host response to infection was both necessary and sufficient to recapitulate septic shock in Gram-negative bacteremia led to the development of a novel generation of adjunctive therapies (274) . This also rekindled an interest in the definition of sepsis, because in order to assess the efficacy of novel immunomodulatory sepsis therapies, it became necessary to stratify and enroll defined cohorts of patients in placebo-controlled clinical trials. Driven by the need to define adequate patient populations to evaluate the role of high-dose corticosteroids, R. C. Bone et al. (30, 31) proposed the term "sepsis syndrome" in 1989 for critically ill patients with clinical and laboratory signs of severe infection irrespective of blood culture results and microbiological confirmation of infection. The presence of systemic inflammation as one prerequisite for the definition of "sepsis syndrome" required the presence of at least two of the following signs: elevated heart rate, elevated respiration rate, decreased blood pressure, hyper-or hypothermia, and leukocytosis or leukopenia. These criteria later defined the "systemic inflammatory response syndrome" (SIRS) and were called SIRS criteria. R. C. Bone et al. demonstrated that the clinical phenotype and mortality rates for patient cohorts with microbiologically proven infection or positive blood cultures and patients with only a clinical suspicion of sepsis and signs of systemic inflammation were similar (29) .
In 1992, the American College of Chest Physicians and the Society of Critical Care Medicine convened a consensus panel to further develop the concept of sepsis and systemic inflammatory response syndrome, to stage sepsis, and to differentiate infectious and sterile noninfectious causes of systemic inflammation (29) . The results can be summarized as follows. There is a continuum from infection, sepsis, and severe sepsis to septic shock. SIRS may follow a variety of clinical insults, including infection, pancreatitis, ischemia, multiple trauma, tissue injury, hemorrhagic shock, or immune-mediated organ injury. Sepsis is a systemic response to infection. This is identical to SIRS except that it must result from infection. The definition of sepsis requires the presence of infection and at least two signs of systemic inflammation. Severe sepsis is defined when sepsis results in dysfunction of at least one remote organ function. Septic shock is defined as sepsis with hypotension (systolic blood pressure [BP] of Ͻ90 mm Hg or a reduction of 40 mm Hg from baseline) despite adequate fluid resuscitation. Concomitant organ dysfunction or perfusion abnormalities (e.g., lactic acidosis, oliguria, or coma) are present in the absence of other known causes.
These categorical definitions of sepsis and the SIRS concept have major limitations in the clinical and also the research settings. Despite this, they are widely used today in epidemiological and clinical studies for the evaluation of sepsis-specific therapies and may have contributed considerably to the failure of previous sepsis trials. These definitions were also instrumental for the new ICD-9-CM codes for sepsis (ICD-9-CM 995.91) and severe sepsis (code 995.92), which were added to this coding system to make it possible to distinguish between septicemia and sepsis (100).
When it became evident not only that the initial intense inflammatory response, or "cytokine storm," consists of proinflammatory cytokines but also that the body mounts an anti-inflammatory response as a reaction to the inciting event, R. C. Bone dubbed this phenomenon "compensatory anti-inflammatory response syndrome" (CARS) (28) . There is increasing evidence that patients who survive early sepsis often develop nosocomial infections with organisms not typically pathogenic in immunocompetent hosts and may suffer a reactivation of latent viruses (130, 151, 197) . These observations have led to the hypothesis that the early hyperinflammatory state evolves to a subsequent hypoinflammatory state with significant immunosuppression. The term "immunoparalysis" was coined. Immunoparalysis in patients with sepsis was further characterized by an association between low levels of monocytic HLA-DR (mHLA-DR) surface expression and immune cell dysfunctions (289, 301) . This immunosuppression caused by sepsis is manifested by the loss of a delayed-type hypersensitivity response to positive-control antigens, a failure to clear the primary infection, and the development of new secondary infections (111) . This concept is supported by the fact that patients who die from sepsis have biochemical, flow cytometric, and immunohistochemical findings consistent with immunosuppression (32, 113) .
CURRENT DEFICITS AND THE NEED FOR NEW DIAGNOSTIC APPROACHES FOR SEPSIS
The accurate and timely detection of sepsis remains a challenge. As described above, current methods of detection still rely on nonspecific clinical and laboratory signs, whereas other medical fields have successfully implemented biomarkers for rapid diagnosis, such as D-dimers for pulmonary embolism, natriuretic peptides for acute heart failure, and troponin for myocardial infarction (2, 141) .
The main problem is that the clinical phenotype of a patient with sepsis may be similar to that of a patient with a systematic inflammatory response caused by sterile inflammation, such as pancreatitis, trauma, burn, or intoxication (29) . Over the last decades, it has become evident that the immune system is concerned more with entities that do damage than with those that are foreign (172) , referred to as endogenous alarmins and danger signals or danger-associated molecular patterns (DAMPs). Recent research confirmed that cellular necrosis from major physical injury and trauma releases mitochondrial DNA into the circulation, where it is capable of eliciting inflammatory signals (309) . Microbial pathogen-associated molecular patterns (PAMPs) activate innate immunocytes through pattern recognition receptors (PRRs). Hence, DAMPS stimulate an acute-phase response which is biologically concordant with PAMPs released during infection (Fig.  1 ). This explains why it is difficult to distinguish infectious from noninfectious SIRS or to identify single molecules or molecular patterns of the host response that allow this distinction.
The treating physician at the bedside is often confronted with questions such as, Is the patient infected or displaying signs of "sterile inflammation"? Which antimicrobials should I choose for initial empirical therapy? Are antimicrobial therapy and other measures of source control effective? When microbiology results become available, do they indicate infection or colonization? When should I discontinue antimicrobial therapy? The SIRS criteria are of limited value for addressing these questions, because they may be triggered by many factors and noninfectious diseases (287) . Other conventional laboratory signs of sepsis, such as lactate, blood glucose, or thrombocyte counts, which are sensitive and easy to measure, are also very nonspecific (148) . For example, the commonly used laboratory parameter of leukocytosis has very low sensitivity and specificity for the diagnosis of infection, with a likelihood ratio of 1.5; band counts have a similarly low diagnostic accuracy (25, 66, 187) . The diagnostic uncertainty may explain why physicians find it difficult to define the disease and to communicate about it with patients and relatives (232) .
Moreover, in one-third of sepsis patients, the causative pathogens cannot be identified (31) . Appropriate therapy is therefore often delayed. Empirical antimicrobial therapy has to be started as soon as sepsis is presumed, before results from blood culture become available, and this diagnostic uncertainty is compensated for by the liberal use of broad-spectrum antibiotics, contributing to the increasing resistance of antimicrobial drugs-a growing public health problem (298) .
In general, a biomarker has been defined as the "quantifiable measurement(s) of biological homeostasis that define(s) what is 'normal'; therefore providing a frame of reference for predicting or detecting what is 'abnormal' (65) or as "an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention" (11) . Moreover, a biomarker should provide timely information beyond that which is readily available from routine physiological data. The potential of biomarkers in the field of sepsis was first addressed systematically in the context of a colloquium convened by the International Sepsis Forum in 2005 (170) . In this report, it was concluded that, "First, sepsis is a concept-that of disease arising from the host response to infection-rather than a measurable pathological process. Second, that concept is a complex one that hinges on documentation of both infection and a response. Third, that response is nonspecific, defined by consensus criteria that empha-size physiologic changes in vital parameters that are common to a number of disparate processes," and that "biomarkers promise to transform sepsis from a physiologic syndrome to a group of distinct biochemical disorders" (170) .
By definition, sepsis biomarkers should reflect the biology of sepsis, as evidenced by the biochemical changes that are characterized as the host response to infection at the cellular and the subcellular levels. Inflammatory mediators can be classified generally into seven groups according to their biochemical properties: vasoactive amines, vasoactive peptides, fragments of complement components, lipid mediators, cytokines, chemokines, and proteolytic enzymes, all of which comprise hundreds of distinct, single molecules (136, 165) . The host inflammatory response to infection may involve most if not all of these elements. The search for sepsis biomarkers is focused primarily on the biochemical changes at the plasma level (complement system, coagulation system, and kallikrein-kinin system) and the indicators of the activation or downregulation of cellular elements (neutrophils, monocytes/ macrophages, and endothelial cells), which may lead to the release of a number of mediators and molecules (cytokines, chemokines, and acute-phase proteins) (127) (Fig. 1) . The host response to sepsis involves hundreds of mediators and single molecules, many of which have been proposed to be sepsis biomarkers (171, 207) . It is unlikely that it will be possible to identify one single biomarker that is able to satisfy all the existing needs and expectations in sepsis research and management.
In the absence of an objective pathological gold standard for sepsis, currently proposed sepsis biomarkers must be defined and evaluated with reference to the clinical decision for which a given marker might provide information that is not available by using conventional clinical and laboratory signs.
One important requirement for sepsis biomarkers is the time benefit that they should offer for the detection of a systemic inflammatory response to an infection before clinical signs and organ damage become apparent. Ultimately, such biomarkers could facilitate earlier supportive treatment and should lower sepsis mortality rates. It would also be helpful to have biomarkers that allow the monitoring of the immune status, thereby identifying patients who might benefit from a certain immunomodulatory intervention and ruling out those who would not. The concept of personalized medicine, for instance, through companion diagnostics, has already been successfully applied in other fields (203) . A biomarker that can rapidly detect elevated levels of a specific target of an adjunctive treatment or reduced levels of a critical factor for replacement therapy is a prerequisite for drug development and the evaluation of novel and specific sepsis therapies.
MONITORING THE INFLAMMATORY RESPONSE: ASPECTS TO BE CONSIDERED
In the broad majority of immunocompetent individuals with sepsis as well as in experimental sepsis models, the inflammatory response will involve a more or less pronounced proinflammatory phase, dominated by the activation of innate immune weapons such as leukocytes, monocytes, macrophages, complement and coagulation systems, endothelial and epithelial cell responses, and others (Fig. 1) . The latter will result in the typical signs of systemic inflammation (fever, leukocytosis, elevated heart and breathing rates, elevated cardiac index, organ dysfunction, and edema through vascular leakage) (Fig. 1) . This phase may or may not then be followed by an anergic phase, where such mechanisms cease to function and in which a great susceptibility to secondary infectious hits may exist (197, 225) . R. S. Hotchkiss and I. E. Karl pointed out the importance of taking into account the individual responses of various groups of patients to clinical sepsis (112) . The concept of late-phase immunosuppression has recently been strengthened by a study which examined postmortem findings for patients who had died during late-stage sepsis disease. Those authors found an extensive depletion of splenic CD4, CD8, and HLA-DR cells and the expression of ligands for inhibitory receptors on lung epithelial cells (32) , and it was proposed that the potential of proinflammatory therapy in late-stage sepsis should be evaluated in greater detail (113) .
Obviously, the potential for an inflammatory response will vary from patient to patient, and in addition, the individual response potential may be influenced by the current situation such that the clinician in the ICU is challenged with a complicated situation. Figure 2A to D illustrate various possible inflammatory responses of different patient populations. While the vast majority of sepsis patients will likely fall into category 2A ( Fig. 2 ) and may display more or less pronounced pro-and anti-inflammatory responses, there are other patients in which the course may be much more dramatic, such as Waterhouse-Friderichsen syndrome-like cases ( Fig. 2B ), in which an immunosuppression phase is not seen before death. Other cases may already start with a severe suppression of the immune response (e.g., transplant patients on immunosuppressive therapy) and may not display proinflammatory responses at all (Fig. 2C ). Patients for whom no surgical source control can be established often display several proinflammatory courses of sepsis, followed by more and more pronounced immunosuppression (Fig. 2D) . When several such courses ( Fig. 2E ) are overlaid, it becomes clear that a technically difficult and timeconsuming snapshot analysis of the inflammatory response at a given point in time may not be helpful, because the same snapshot picture might describe patients with dramatically different response features and very different outcomes. The fact that almost all immunomodulatory agents that were tested in the past were given in fixed doses over fixed periods of time during the first 24 to 96 h after the onset of sepsis, without any knowledge of the immune status of the patient, may have largely contributed to the failure of these trials.
Some biomarkers have already been used for patient stratification in clinical studies, but conflicting study results might conceivably be due to an inability to properly assess the patient's immune response at the time of enrollment and during the course of the studies. Paradoxically, trials which assessed the efficacy of immune-enhancing strategies used the same nonspecific SIRS criteria for patient enrollment as those used by the numerous trials that addressed downregulating immunomodulatory strategies. It was proposed that these limitations might be overcome by using reduced mHLA-DR or other more specific indicators of sepsis-associated immunosuppression for the assessment of novel antiapoptotic, immunostimulatory approaches, such as the cytokines interleukin-7 (IL-7) and interleukin-15 which have shown efficacy in sepsis models (113, 185) . In one single-center study, targeted immune-enhancing therapy guided by HLA-DR measurements with gamma interferon (IFN-␥) and granulocytemacrophage colony-stimulating factor (GM-CSF) resulted in improved patient outcomes and a restoration of monocyte function (74, 178) . On the other hand, results from recent meta-analyses that included all randomized controlled trials (RCTs) that evalu-ated immune-enhancing therapies with granulocyte colony-stimulating factor (G-CSF) and GM-CSF found no beneficial effects (24) .
Other examples concern data from a phase II trial that investigated an antibody to tumor necrosis factor (TNF), suggesting that patients with severe sepsis with IL-6 levels of Ͼ1,000 pg/ml (223, 224) would benefit more from this therapy. Accordingly, a large multicenter study was performed on patients with severe sepsis by using an anti-TNF antibody and stratifying patients on the basis of baseline levels of IL-6, which was considered a surrogate marker for TNF (200) . Although the impact on mortality was statistically significant in an adjusted analysis of IL-6-positive patients, the incremental benefit over IL-6-negative patients was minimal. The selected cutoff of 1,000 pg/ml may have been too low: an analysis of the treatment effect over a range of IL-6 values revealed a greater separation of the mortality curves of placebo-and anti- TNF-treated patients at higher levels of IL-6 monoclonal antibody (170) . Although IL-6 is a good prognostic marker for sepsis and also for trauma patients (223) , it may be inadequate as a surrogate marker for TNF. Furthermore, circulating cytokine levels may not correlate adequately with cytokine levels in tissues and organs. Another hypothesis concerning the state of relative adrenal insufficiency, identified on the basis of the response to an adrenocorticotropic hormone stimulation test, to define a high-risk population that would benefit from treatment with exogenous corticosteroids (9) has not been confirmed either (259) .
Therefore, the challenge of monitoring the inflammatory response is enormous. Regardless of whether early anti-inflammatory or later proinflammatory therapy should be applied, a critical precondition would be to define the status of the patient in order to not cause harm.
BIOMARKERS AND MOLECULAR DIAGNOSTICS IN CLINICAL MANAGEMENT
Given that adjunctive sepsis therapy is not progressing, antimicrobial therapy and other measures of source control together with supportive measures such as fluid resuscitation, vasoactive drugs, and organ support remain the mainstays for the therapy of sepsis (70) . Growing evidence from clinical studies suggests that a delay in the initiation of appropriate therapy costs lives and that survival can be increased by the systematic application of evidence-based clinical practice guidelines (85, 147) . The elements of bundled care for septic shock that contributed most to improved patient outcomes were a shortening of the time to the administration of antibiotics, the appropriateness of the antibiotics, and early fluid resuscitation with crystalloids (15, 85, 147, 226) . This underscores the necessity for the early and accurate detection of sepsis.
In the following section, we discuss the degree to which some of the most commonly proposed sepsis and infection biomarkers may help to answer some of the difficult questions that arise in the management of patients with severe sepsis. Unfortunately, almost none of the numerous proposed sepsis or infection biomarkers have been validated adequately in prospective clinical trials to answer the question of to which degree biomarker-directed decision making has an impact on relevant clinical outcomes for patients. Furthermore, it is important to note that an adequate evaluation of clinical utility is possible only if the assays that are used in this context for biomarker measurement provide reliable and reproducible results (170) . For example, endotoxin from Gram-negative bacteria plays a crucial role in the pathophysiology of sepsis and may be present in the circulation of critically ill patients (116, 169) . Endotoxin could therefore be an interesting sepsis biomarker; however, there are some issues with endotoxin assays. The classic Limulus amebocyte lysate assay (146) is not specific for endotoxin and can also be activated by other microbial products, particularly components of fungal cell walls (182) . As plasma proteins inhibit the reaction, the reliability of the assay using proteincontaining biological fluids is also reduced (231) . Meanwhile, a bioassay based on the priming of neutrophil respiratory burst activity by complexes of endotoxin and antiendotoxin antibody has become available for clinical use. This test is currently used to stratify patients in the context of studies that investigate the potential of antiendotoxin strategies, and its utility and limitations still have to be established (169) .
In the following section, we therefore discuss primarily those biomarkers that are measurable by assays which have been approved for clinical use, keeping in mind that this does not mean that the biomarkers themselves have been adequately proven to be clinically useful.
Acute-Phase Protein Biomarkers
C-reactive protein. C-reactive protein (CRP) is an acute-phase protein released by the liver after the onset of inflammation or tissue damage. During infections, CRP has both proinflammatory and anti-inflammatory effects. CRP may recognize and adhere to pathogens and to damaged cells and mediate their elimination through interactions with inflammatory cells and mediators. However, C-reactive protein also prevents the adhesion of neutrophils to endothelial cells, inhibits superoxide production, and increases IL-1 receptor antagonist (IL-1ra) production. Although IL-6 is the prototypical stimulus for the induction of CRP, other cytokines also play a role in its production (87) . C-reactive protein is a clinical marker frequently used to assess the presence of infection and sepsis (280) and therefore is often used as a comparator in diagnostic studies (Tables 1 and 2 ). Studies with cancer patients support C-reactive protein as a marker of infection or of sepsis (80, 211) . Povoa et al. also found that the CRP course was not influenced by the presence or absence of neutropenia in septic cancer patients (211) .
C-reactive protein has been found to differentiate patients with pneumonia from those with endotracheal infections (71) , to aid in the diagnosis of appendicitis (82), or to differentiate bacterial and viral infections (251) . Studies of critically ill patients showed that elevated plasma concentrations of CRP were correlated with an increased risk of organ failure and/or death (131, 156, 199) . However, in another prospective study of postoperative sepsis, where the courses of procalcitonin (PCT), interleukin-6 (IL-6), and CRP were evaluated as a percent decrease from the baseline in order to predict survival at day 28 after the onset of sepsis, PCT and IL-6 levels significantly decreased in survivors from days 1 to 14, whereas CRP levels did not (278) . Likewise, a study that evaluated the predictive value of CRP for hospital mortality in 60 surgical patients at the onset of sepsis revealed no significant difference between survivors and nonsurvivors (279) . After pancreatic resections, CRP levels peaked on the third postoperative day and gradually decreased thereafter in unproblematic cases, whereas they remained elevated in cases with postoperative complications (297) . In postoperative esophagectomy patients admitted to the ICU, CRP levels were significantly higher at day 2 and day 3 in patients who developed postoperative complications (282) . In patients with community-acquired sepsis, the course of CRP levels was associated with the resolution of pneumonia (212) . Conflicting data exist regarding whether absolute CRP concentrations at ICU discharge represent an independent predictor of in-hospital mortality after discharge from an ICU (4, 108, 155, 218, 254) .
In the ICU setting, CRP could discriminate only between patients with severe sepsis, those with sepsis, and those without sepsis in the first 2 days after admission but not during the later course in the ICU (236) . One reason for this may be that plasma levels of CRP increase with a delay of up to 24 h compared to cytokines or procalcitonin (184) . Second, plasma concentrations of C-reactive protein may increase during minor infections and do not adequately reflect the severity of the infection. Third, plasma levels remain elevated for up to several days, even when infection is eliminated (180). Finally, the CRP level is also elevated during inflammatory states of noninfectious etiologies, e.g., with autoim- (273, 305) . The LPS-LBP complex binds to CD14 and to Toll-like receptors (TLRs) to initiate signal transduction, which leads to the activation of the mitogen-activated protein kinase and nuclear factor B pathways. In humans, LBP is constitutively present in serum at a concentration of 5 to 10 g/ml, and levels increase during the acute-phase reaction, reaching peak levels of up to 200 g/ml (272) . Several studies have reported that LBP may be a useful marker of infection and a potential marker of severity and outcome (88, 196) . However, this could not be confirmed in a more recent study (236) . That analysis found that LBP discriminated patients without infection from patients with severe sepsis in a surgical ICU only moderately and failed in patients with sepsis without organ dysfunction. LBP concentrations did not distinguish between Gram-positive and Gram-negative infections, and the correlation of LBP concentrations with disease severity and outcome was weak compared with other markers. Those authors concluded that the use of LBP as a biomarker is not warranted in this patient population.
Procalcitonin. The use of procalcitonin (PCT) as a potential biomarker for sepsis and infection was first described in 1993 (10) . PCT is the prohormone of calcitonin, but the induction of the prohormone during sepsis and infection is regulated differently than for hormonal activities of the mature hormone (19, 26, 249) . The biological role of PCT is not yet fully elucidated. It involves a modulation of inducible nitric oxide synthase and cytokine induction; furthermore, the protein interferes with the receptor binding of other peptide hormones that play a role in the modulation of the intravascular fluid and vascular tone (110, 153) . PCT is produced ubiquitously in response to endotoxin or to mediators released in response to bacterial infections (that is, IL-1␤, TNF-␣, and IL-6) and strongly correlates with the extent and severity of bacterial infections (96) . To date, second to C-reactive protein, PCT has become the most widely used biomarker in the management of infection and sepsis in Europe and meanwhile has also become available in most parts of the world.
PCT shows a more favorable kinetic profile than CRP and cytokines: its levels increase within 4 to 12 h upon stimulation, and circulating PCT levels halve daily when the infection is controlled by the host immune system or antibiotic therapy (20, 45) . Compared to any other currently available sepsis marker, PCT seems to have some potential to discriminate between infectious and noninfectious systemic inflammation (44, 102, 186) (Table 1) , also in low-acuity patients (152) . The levels of PCT correlate with the severity of the bacterial infection and bacterial load. In patients with community-acquired pneumonia (CAP) and in patients with urinary tract infections, PCT at a cutoff of 0.1 g/liter had a very high sensitivity to exclude bacteremia (188, 283) . Accordingly, the course of PCT may have prognostic implications (102, 134, 187, 283) . PCT also seems to have some potential to differentiate between viral and bacterial infections and may indicate the presence of bacterial superinfection in patients with viral diseases (3, 52, 64, 247) . A meta-analysis that included 24 studies found a sensitivity and a specificity of PCT of 0.80 and 0.91, respectively, for the prediction of infected necrosis in patients with pancreatitis (183) ( Table 2) . A recent study of emergency department patients, how- The bioscore ranged between 0 (all three markers below their respective thresholds) and 3 (all three markers above their thresholds).
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The "ApoSAA score" is a biomarker panel identified through a proteomic approach. The ApoSAA score is computed from plasma concentrations of proapolipoprotein CII (Apo) and a desarginine variant of serum amyloid A (SAA).
ever, found that PCT, IL-6, or CRP only moderately discriminated infected from noninfected patients (276) ( Table 1) . The clinical utility of PCT in patients with febrile neutropenia remains to be elucidated. In a recent systematic review, we identified 30 articles on the topic and concluded that PCT may have some value as a diagnostic and prognostic tool in patients with febrile neutropenia, but firm conclusions are not possible due to differences in patient populations and the quality of the studies (238) . Interestingly, PCT seems not to be attenuated by corticosteroids (67) , and PCT production does not depend on white blood cells (216) .
Six meta-analyses have meanwhile been performed on the diagnostic accuracy of PCT to detect infection in different patient populations ( Table 2 ). Four of these meta-analyses identified PCT as being helpful for the diagnosis of clinically or microbiologically documented infection (183, 255, 280, 292) , whereas one metaanalysis identified only a moderate benefit in the detection of bacteremia (124) , and another found the benefit moving toward a null effect in larger studies (267) ( Table 1 ). Recent guidelines issued by the Infectious Diseases Society of America and the American College of Critical Care Medicine recommended the use PCT as an adjunctive diagnostic marker to differentiate sepsis from systemic inflammatory response syndromes of a noninfectious origin (194) .
PCT for antibiotic stewardship. Antimicrobial resistance has emerged as a major factor affecting patient outcomes and overall resources. This calls for more stringent efforts to reduce antibiotic overuse (229) . The potential of PCT to assist in decisions about the initiation and/or duration of antibiotic therapy (antibiotic stewardship) was prospectively evaluated in 13 randomized controlled studies in which 4,395 patients were enrolled (245) . Depending on the setting, this resulted in a reduction in the prescription of antibiotics of between 74% and 11% and a reduction of days on antibiotics by between 13% and 55% (245) . All published studies on antibiotic stewardship used similar clinical algorithms, with recommendations for or against antibiotic treatment based on PCT cutoff ranges. For moderate-risk patients with respiratory tract infections in the emergency department, algorithms recommended the initiation and discontinuation of antibiotic therapy based on four different cutoff ranges. For high-risk patients in the ICU setting, algorithms focused on the discontinuation of antibiotic therapy if a patient showed a clinical recovery and PCT levels decreased to "normal" levels, or by at least 80% to 90% (244) . Most of those studies were performed with patients with proven or suspected respiratory tract infections (47, 54, 133, 159, 160, 246, 260, 261) . One of those studies was performed in the emergency department (54), and one was performed in the primary care setting (41) . A small proof-of-concept study (193) found a 4-day reduction in the duration of antibiotic therapy in patients with severe sepsis but only in the per-protocol analysis. One larger multicenter study and two smaller monocentric studies of postsurgical patients also confirmed a reduction of antibiotic exposure by procalcitonin use in the ICU setting (35, 109, 242) . The most recent meta-analysis by Schuetz et al. also addressed the question of whether the reduction of antibiotic exposure has an impact on patient outcomes (245) . In that analysis, the researchers included an additional RCT that did not address the impact of the use of a procalcitonin algorithm on antibiotic prescription but on the timing of reinterventions in septic patients after multiple trauma or major surgery (265) . Overall, a total of 4,467 patients were included in the 14 RCTs (i.e., 2,240 in the control group and 2,227 in the PCT group). Those authors found no significant difference in mortality between procalcitonin-treated and control patients overall (odds ratio, 0.91; 95% confidence interval, 0.73 to 1.14) or in a primary care setting (odds ratio, 0.13; 95% confidence interval, 0 to 6.64), in the emergency department (odds ratio, 0.95; 95% confidence interval, 0.67 to 1.36), or the intensive care unit (odds ratio, 0.89; 95% confidence interval, 0.66 to 1.20) in particular. Another meta-analysis focused on adult and neonatal ICU patients including seven randomized controlled studies with 1,131 patients (1,010 adults and 121 neonates). In comparison with routine practice, the implementation of procalcitonin-guided algorithms decreased the duration of antibiotic therapy for the first episode of infection by approximately 2 days and the total duration of antibiotic treatment by 4 days (132) ( Table 2) . Of note, a recent multicenter RCT of intensive care patients with an algorithm to substantially increase antibiotic therapy if procalcitonin levels of Ն1.0 ng/ml were not decreasing at least 10% from the previous day resulted in the escalation of antibiotic use and the prolongation of antimicrobial therapy by 2 days, did not improve survival, and led to worse secondary outcomes in the PCT-guided patient group (121) .
A recent meta-analysis and systematic review of procalcitoninguided therapy in respiratory tract infections included eight studies that randomized 3,431 patients and came to the conclusion that this approach "appears to reduce antibiotic use without affecting overall mortality or length of stay in the hospital" (149) . Updated international sepsis guidelines suggest that procalcitonin may be used for the discontinuation of antibiotic therapy in patients with respiratory tract infections (70a).
Despite these encouraging results, the use of PCT for the discontinuation of antibiotics in patients with severe sepsis and ICU patients awaits further evaluation before definitive conclusions can be drawn for these patient cohorts. There was a trend toward a higher mortality rates in the PCT group of the PRORATA trial, which was performed in the intensive care setting (35) . To exclude a true excess mortality of 4%, similar to that seen in the trial, a study would require about 4,220 patients; a study to exclude an excess mortality of 2% would need to be powered by 16,500 patients (270) . In their response to this criticism, those authors pointed to the fact that random allocation at ICU admission had resulted in slight imbalances in terms of higher disease severity scores for the PCT group (34) Limitations of PCT. A number of limitations of PCT as an infection and sepsis marker must been taken into account. Non- specific elevations of PCT levels in the absence of a bacterial infection can occur in situations of massive stress, such as after severe trauma and surgery (258) , or in patients after cardiac shock (243) . This is the reason why the power of PCT to discriminate between sepsis and sterile inflammation is better for medical than for surgical patients (60) . Also, various other causes of nonbacterial systemic inflammation have been reported, such as birth stress in newborns, heat shock, and acute graft-versus-host disease as well as different types of immunotherapy, such as granulocyte transfusions, the administration of antilymphocyte globulin or anti-CD3 antibody, or therapy with cytokines or related antibodies (alemtuzumab, IL-2, or TNF-␣). Some autoimmune diseases (Kawasaki disease or different types of vasculitis) and paraneoplastic syndromes can also be associated with elevated PCT levels (222) . Only sparse and conflicting results regarding the value of PCT in systemic fungal infections have been provided up to now (59, 77, 115, 264) . Candida-related severe sepsis or septic shock does not necessarily elicit a substantial increase in serum PCT levels. A retrospective comparison of episodes of bacteremia or candidemia in nonneutropenic patients with sepsis showed that PCT levels were significantly lower or near normal in patients with candidemia (53) . Thus, the value of PCT for the diagnosis of fungal infection and sepsis is poor. The 2012 update of the SSC (Surviving Sepsis Campaign) guidelines consequently suggests the use of the fungal cell wall components 1,3-␤-glucan and mannan as well as mannan antibodies as biomarkers for fungal sepsis (Dellinger et al., personal communication).
In conclusion, the use of PCT-like any other biomarkershould be considered within the context of the clinical workup and should take into account all patient-and therapy-related factors that may interfere with the initial magnitude and the course of this parameter.
Pentraxin. Pentraxins are a superfamily of proteins involved in acute immunological responses. They act as pattern recognition receptors (PRRs). The classic "short" pentraxins include serum amyloid P component (SAP) and C-reactive protein (CRP), which is produced in the liver following inflammatory signals. Like the classical short pentraxins, the "long" pentraxin 3 (PTX3) is secreted by various cells, including leukocytes and endothelial cells. It binds to specific patterns of fungi, bacteria, and viruses and induces phagocytosis by its binding to complement component C1q (33) . In patients with severe sepsis and septic shock, persisting high levels of circulating PTX3 over the first days from the onset of sepsis were associated with mortality; furthermore, PTX3 correlated with the severity of sepsis and with sepsis-associated coagulation/fibrinolysis dysfunction (173) . In febrile patients presenting to the emergency department, PTX3 levels were significantly higher in patients admitted to intensive/intermediate care units than in patients referred to normal wards, and PTX3 was proven to be predictive for patients with positive blood cultures (68) . In bacteremic patients, maximum PTX3 levels between days 1 and 4 were markedly higher in nonsurvivors than in survivors (117) ; in hematologic patients with febrile neutropenia after chemotherapy, high pentraxin 3 levels predicted septic shock and bacteremia at the onset of febrile neutropenia (284) . Studies of the potential of PTX3 for differentiation between noninfectious SIRS and severe sepsis and septic shock are currently missing.
Other acute-phase reactants. Levels of other acute-phase reactants, such as serum amyloid A, ceruloplasmin, alpha 1 acid gly- coprotein, and hepcidin have been found to be elevated in cases sepsis and to be higher in patients with poor outcomes (207) .
Cytokine/Chemokine Biomarkers
Cytokines. Cytokines are immune-modulating agents that may be derived from virtually all nucleated cells. Endothelial/epithelial cells and resident macrophages in particular are potent producers of proinflammatory and anti-inflammatory cytokines (38, 235) . In septic patients, the secretion of both pro-and anti-inflammatory cytokines occurs in a simultaneous manner from the very first moments of infection (266) . Mean serum levels of cytokines are higher in septic than in nonseptic patients. Cytokines have therefore been proposed to be sepsis biomarkers in cases of neonatal and adult sepsis (80, 253) . Persistently high or increasing levels of pro-and anti-inflammatory cytokines are found mostly in nonsurvivors, whereas low and decreasing levels are found in survivors of sepsis (106, 200) . Despite their important role in the pathogenesis of sepsis, however, the role of cytokines as sepsis biomarkers remains to be established. They may be of limited value as sepsis biomarkers, because they can be induced by numerous noninfectious diseases as well. Studies comparing the performance of IL-6 or IL-8 to those of PCT and CRP in the detection of infection have found them to be of inadequate discriminative value (102, 276) (Table 1) . Serum levels of the cytokines IL-6 and IL-8 are closely related to the severity and outcome of sepsis in patients (101), as are TNF-␣ and biomarkers of the anti-inflammatory, endothelial, and apoptotic aspects of systemic inflammation, such as interleukin-1 receptor antagonist (IL-1ra) (227) . In neutropenic patients, levels of IL-8 and IL-6, but not C-reactive protein, were significantly different between patients with microbiologically documented infections and patients with unexplained fever (80) . In neonates, increased plasma levels of both IL-6 and IL-8 could predict an early onset of sepsis with high sensitivity and specificity (22, 192) . Serum interleukin-8 levels obtained within 24 h of admission had a 95% negative predictive value for mortality in children with septic shock (304) However, plasma interleukin-8 levels were not effective as a risk stratification tool in older adults with septic shock (50) . Furthermore, IL-8 plasma levels were unable to discriminate between infected and noninfected pancreatic necrosis (220) . Of note, IL-6 and IL-8 can also be induced to a variable degree after major surgery and major trauma (189, 252) , during acute exacerbations of autoimmune disorders (137, 228) , during viral infections, and after transplant rejection (90, 166) . IL-10 levels have been found to be higher in patients with septic shock than in patients with sepsis and to distinguish between survivors and nonsurvivors at 28 days (106, 294) . IL-10 is a broadly immunosuppressive cytokine and was proposed to contribute to compensatory anti-inflammatory response syndrome (CARS) (1) .
A combined cytokine score that comprised IL-6, IL-8, and the anti-inflammatory cytokine IL-10 was associated with a worse outcome for patients with sepsis; in this small observational study, the predictive value of the combined interleukin score for mortality was highly superior to those of CRP and PCT (5) .
Macrophage migration inhibitory factor. Macrophage migration inhibitory factor (MIF) is a regulator of innate immunity (49) , the level of which is elevated in septic shock. MIF distinguished between survivors and nonsurvivors (39) but failed to differentiate infectious from noninfectious causes of inflammation (144) .
High-mobility-group box 1. High-mobility-group box 1 (HMGB1) is a 30-kDa nuclear and cytosolic protein known because of its properties as a transcription and growth factor. It is also a cytokine mediator of local inflammation as well as lethal systemic inflammation (e.g., endotoxemia and sepsis). It is released by activated macrophages, and during endotoxemia and sepsis, serum levels increase significantly. However, it reacts more slowly than tumor necrosis factor (TNF) and interleukin-1␤. HMGB1 plays a role in the activation of macrophages/monocytes to release proinflammatory cytokines, the upregulation of endothelial adhesion molecules, the stimulation of epithelial cell barrier failure, and the mediation of fever and anorexia (295) . Because of its delayed kinetics, it has been investigated for its value as a prognostic marker. In a prospective randomized multicenter study, serum HMGB1 concentrations were elevated in patients with severe sepsis but did not differ between survivors and nonsurvivors and did not predict hospital mortality (126) .
Cytokine/chemokine biomarker summary. In summary, proand anti-inflammatory cytokines and chemokines have some value in the assessment of the inflammatory response; however, they lack discriminative power to differentiate between infectious and noninfectious systemic inflammation. Low IL-8 levels have a high negative predictive value for sepsis. Whether IL-6 can be used as a very early predictor of infection or of sepsis deserves further investigation.
Coagulation Biomarkers
The host response that is induced by severe infections and sepsis is often accompanied by disseminated intravascular coagulation, which is triggered by several proinflammatory cytokines, such as interleukin-6 and TNF-␣ (145). The pathogenic mechanisms that are involved in the interplay between coagulation and inflammation are very complex, and it is known that changes in coagulation factors such as thrombocyte counts, antithrombin, protein C and S, activated partial thromboplastin time, D-dimers, fibrin, plasminogen activator inhibitor, and thrombomodulin are appropriate markers to gauge the severity of the host response and that the course of these markers has prognostic implications (43, 72, 206, 207, 237) Interestingly, protein C serum concentrations in neutropenic patients were decreased significantly before the clinical signs of severe sepsis and septic shock were apparent (181) .
There is no added value from the use of antithrombin or protein C measurements for predictions of outcome. The receiver-operator characteristic curves for intensive care unit mortality predictions were almost identical between protein C and the acute physiology and chronic health evaluation II (APACHE II) score as well as simplified acute physiology score II (SAPS II) (43) . The prognostic power of antithrombin for mortality compared to these severity scores was even lower (237) .
Biphasic waveform (BPW) analysis is a new biological test derived from the activated partial thromboplastin time that has recently been proposed for the diagnosis of sepsis. The atypical biphasic transmittance waveform is due to decreased light transmission and is thought to derive from the formation and precipitation of a calcium-dependent complex involving CRP and very-low-density lipoprotein (VLDL) in serum (308) . In an observational study including 16 patients with SIRS, 5 of whom were classified as sepsis patients, the BPW, in contrast to CRP or PCT, was significantly higher in the sepsis group than in the nonseptic SIRS group (median of 0.57 and interquartile range of 0.54 to 0.78 versus median of 0.19 and interquartile range of 0.14 to 0.29%T/s; P Ͻ 0.01) (69) ( Table 1 ). The major limitation of coagulation parameters as sepsis biomarkers results from the fact that disseminated intravascular coagulation may also be triggered by a number of other disease states, such as trauma, obstetrical disorders, or cancer (145) , and thus, coagulation parameters are not helpful to establish the diagnosis of sepsis. Nevertheless, they might be used as part of the inclusion criteria for sepsis trials that aim to evaluate the efficacy of anticoagulants in cases of severe sepsis.
Soluble Receptor, Cell Surface, and Other Markers sTREM-1. Triggering receptor expressed on myeloid cells 1 (TREM-1) is a recently discovered member of the immunoglobulin superfamily. Studies have shown that the expression of TREM-1 is greatly upregulated in the presence of bacteria or fungi in cell culture, peritoneal lavage fluid, and tissue samples from patients infected with these microorganisms (36, 63) . TREM-1 is not upregulated in patients with noninfectious inflammatory conditions (37); TREM-1 expression is associated with the release of soluble TREM-1 (sTREM-1). Studies by Gibot et al. suggested that the value of plasma sTREM-1 levels as an indicator of sepsis was superior to those of CRP and PCT (92) (93) (94) (95) . A meta-analysis found that the sensitivity of sTREM-1 for the diagnosis of bacterial infection was 0.82 and that the specificity was 0.86. However, it was neither sufficiently sensitive nor specific for the diagnosis of urinary tract infections (122) ( Table 2 ). Other studies reported that the value of sTREM-1 for the diagnosis of sepsis from communityacquired infections is inferior to those of CRP and PCT (14, 129, 139) . The authors of a recent study that compared sTREM-1 to other proposed sepsis biomarkers in postoperative patients with suspected sepsis concluded that "sTREM-1 levels could differentiate sepsis from SIRS and reflected sepsis severity noninferior to TNF-␣, PCT, IL-6 and CRP. sTREM-1 levels were also an effective prognostic indicator in critically ill patients. The clinical application of sTREM-1 as a diagnostic and prognostic marker still requires larger studies for further elucidation" (150) .
suPAR. The urokinase-type plasminogen activator (uPA) system consists of a protease, a uPA receptor (uPAR), and inhibitors (230) . In 1991, the soluble form of uPAR (suPAR) was identified (209) . uPAR is expressed on various cell types, including neutrophils, lymphocytes, monocytes/macrophages, and endothelial and tumor cells. After cleavage from the cell surface, suPAR can be found in the blood and other organic fluids in all individuals. suPAR takes part in various immunological functions, including cell adhesion, migration, chemotaxis, proteolysis, immune activation, tissue remodeling, invasion, and signal transduction (83) . The clinical utility of suPAR in patients with sepsis is poorly addressed; from existing observational studies, it may be concluded that suPAR has a poor accuracy in the diagnosis of sepsis compared to those of CRP and PCT. suPAR is not a specific marker for bacteremia or sepsis but rather a marker of the severity of disease (76) . The measurement of suPAR levels had little value as a single marker to detect community-acquired infection in patients with SIRS (129) ( Table 1) . A marked association between high suPAR levels and high mortality rates has been observed for patients with HIV, tuberculosis, malaria, and Crimean-Congo hemorrhagic fever (83) and also for ill patients with no obvious infectious disease diagnosis (215) . Overall, the diagnostic value of suPAR is low for sepsis; it may have some value for outcome predictions and for monitoring the response to treatment (13) .
Midregional proadrenomedullin. Serum adrenomedullin (ADM), a 52-amino-acid peptide, is modulated by the complement system and has potent vasodilating as well as bactericidal effects. ADM levels were found to be elevated in patients with sepsis (107) . Because circulating ADM is rapidly broken down and masked by a binding protein (complement factor H), the midregional fragment of proadrenomedullin (Pro-ADM), consisting of amino acids 45 to 92, is measured instead (262) . In several studies that enrolled nearly 2,000 patients with different severities of community-acquired pneumonia, Pro-ADM levels measured at admission emerged as good predictors of the severity and outcome of CAP with a prognostic accuracy similar to that of clinical pneumonia severity scores and a better prognostic accuracy than those of commonly measured clinical and laboratory parameters, including procalcitonin (55, 56, 114) .
Polymorphonuclear CD64 index. During the systemic inflammatory response, circulating polymorphonuclear (PMN) cells bind to endothelial cells monolayers and express CD64, the highaffinity Fc receptor for IgG. The percentage of PMNs expressing CD64 was higher in SIRS patients than in non-SIRS patients (214) . The upregulation of CD64 expression on the cell surface of PMN cells and monocytes is considered to be a very early step of the immune host response to bacterial infection. The CD64 index has been found to be useful for the early detection of sepsis in critically ill neonates (118) , was suggested to be an adjunctive marker in combination with more sensitive markers in medical ICU patients (98) , and showed high sensitivity and specificity (84.4% and 95.2%, respectively) for the detection of infection in unselected ICU patients (91) ( Table 1) . Levels of a number of other leukocyte cell surface markers, such as CD10, CD11b, and CD11c, were found to be decreased whereas levels of CD48 and CD64 were increased in patients with sepsis compared to levels in healthy controls; other surface markers, such as CD14, CD18, CD25, and CD28, distinguished between survivors and nonsurvivors at 28 days (207) .
Panels of Biomarkers
Combinations of biomarkers reflecting various aspects of the host response have been proposed to overcome limitations of single biomolecules. A panel consisting of serum concentrations of soluble triggering receptor expressed on myeloid cells 1 (sTREM-1) and procalcitonin (PCT) and the expression of the polymorphonuclear CD64 index in flow cytometry, called the "bioscore," was higher in patients with sepsis than in all others (P Ͻ 0.001 for the three markers) (91) . These biomarkers were all independent predictors of infection, with the best receiver-operator characteristic curve being obtained for the PMN CD64 index, while the performance of the combination was better than that of each individual biomarker and was externally confirmed in a validation cohort (91) ( Table 1) .
In critically ill patients, the combined measurement of PCT concentrations and the presence of a biphasic transmittance waveform (BPW), an atypical BPW due to decreased light transmission from the coagulation marker activated partial thromboplastin time (aPTT), increased the specificity of either marker alone for the detection of sepsis (308) ( Table 1 ).
In the emergency department, the usefulness of a combination of a multiplex immunoassay measuring suPAR, sTREM-1, and MIF in parallel with standard measurements of CRP, PCT, and neutrophils was evaluated in patients with SIRS to detect commu-nity-acquired bacterial infections. The area under the concentration-time curve (AUC) of the six-marker test was significantly greater than that of any single marker (129) (Table 1) .
Thus, the combination of several biomarkers holds some promise to increase sensitivity and specificity; however, the clinical utility and cost-effectiveness regarding the management of septic patients need further prospective testing (250) by the use of appropriate statistical methods that can be applied to high-dimensional data (163) .
Molecular Strategies To Improve Pathogen Detection
Blood culture (BC) reflects the current gold standard for the detection of bloodstream infection, since viable microorganisms isolated from the blood can be analyzed to identify species and susceptibility to antimicrobial therapy. The practical value of BC in the diagnosis of sepsis, however, is impaired by the delay in the time to results and the fact that positive blood cultures can be found for only approximately 30% of these patients (48) . Furthermore, it is known that the sensitivity for many slow-growing and fastidious organisms is low (256) .
A number of molecular approaches to improve conventional culture-based identification, including PCR, have been suggested (205) , such as matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry, which may decrease the time to result to 4 h once the BC has become positive. However, a broader clinical evaluation of this approach is still missing. Another alternative strategy is the extraction and amplification of microbial nucleic acids from a positive BC and subsequent hybridization on a microarray platform to detect the gyrB, parE, and mecA genes of 50 bacterial species, which has recently been evaluated in an observational multicenter design with conventional BC as the comparator. Eighty-six percent of positive blood culture samples included a pathogen covered by the molecular assay. The assay had a sensitivity of 94.7% and a specificity of 98.8%, and the sensitivity and specificity were both 100% for methicillin-resistant Staphylococcus aureus (MRSA) bacteremia. On average, the assay was 18 h faster than conventional BC (271) . Thus, this study provides a proof of concept that molecular assays can assist in shortening the time to results, while shortcomings include an incomplete coverage of pathogens, the inability of the test to be applied directly to a biological sample, and restricted information regarding antimicrobial susceptibility (primarily regarding multiresistant Gram-negative bacteria) despite an excellent performance in the detection of MRSA. While the PCR-based detection of MRSA (and also vancomycin-resistant enterococci) is feasible due to a limited number of resistance genes, the need to identify the large and continuously evolving set of genotypes encoding extendedspectrum beta-lactamases renders a conventional PCR-based approach unreliable.
Similar shortcomings, obviously with the exception of a need for prior culture, also hold true PCR-based approaches, which amplify microbial nucleic acids directly from the bloodstream. This has led to the recommendation that currently available PCR tests can supplement but not replace BC. In a variety of clinical studies, such a combined diagnostic approach has been documented to lead to higher rates of detection of an alleged pathogen than with each method alone and decreased the time to results in well-defined risk populations, such as patients with episodes of fungal infections (104) . The culture-independent, nucleic acid amplification-based detection of pathogen-associated molecular patterns carries the potential to improve the detection of infection with typical easy-to-culture sepsis-associated bacteria, such as streptococci and staphylococci (40) , and also polymicrobial infections, including fastidious, multiresistant, and difficult-to-culture species such as fungi (75, 89, 175, 205, 296) . Thus, despite the above-described inherent limitations, PCR may reflect a promising approach to decrease the time to results in a way that may favorably influence decision making for antibiotic therapy in the septic host.
Comparable data are currently available only from studies which used SeptiFast multiplex PCR (161, 300) . Data obtained from patients with sepsis, endocarditis, or bloodstream infection show that the concordance of PCR and BC results with respect to the recovery of blood culture-positive results by PCR was moderate to good in most but not all studies ( Fig. 3 ; study data are shown in Table 3 ). It is noteworthy that a significant share of blood culture findings was typically not reproduced by PCR. Cumulative data document the consistent inability to identify approximately 20 to 30% of culture-positive results by multiplex PCR, even if the pathogen should be covered by a primer pair (Fig. 3) . Given the additional limitation in comprehensively assessing resistance patterns, the clinical utility of PCR remains to be defined and currently may be used as a supplement to rather than a replacement of BC.
Several avenues have been pursued to address the opposite problem, i.e., a PCR-positive but blood-culture negative result: a Table 1 . Box plots indicate the median, interquartile range, and 10th and 90th percentiles, and dots denote outlying single studies. A total of 7,814 samples/episodes were evaluated for positivity rates, 7,347 samples/episodes were evaluated for the concordance of BC and PCR results, and 6,586 samples/episodes were evaluated for the concordance of isolates (sum of isolates and BC-negative/PCR-negative sample pairs equals 6,847). study by Louie et al. assessed PCR in addition to blood culture and other microbiological specimens from the alleged focus along with a chart review (which can be considered a constructed gold standard). PCR from DNA prepared from whole blood led to an increase in presumably true-positive results in septic patients, although a share of the PCR results still remained unconfirmed (161) . In this study, PCR detected potentially significant bacteria and fungi in 45 cases, compared to 37 cases detected by BC, in 200 patients from the emergency department, intensive care unit, and general wards who presented with SIRS. Over 68% of the PCR results were confirmed in that study by blood, urine, and catheter cultures. It is also noteworthy that all MRSA bacteremic episodes were detected by PCR (161) .
The assessment of the association of the PCR status with measures of morbidity and mortality reflects a complementary strategy to validate the significance of an amplicon in the absence of a concomitant blood culture result. In our study (23) , which was restricted to cases with severe sepsis, 34.7% of PCRs were positive, compared to 16.5% of BCs. Consistently, 78% of positive BCs had a corresponding PCR result, while only 23% of PCR results were confirmed by BC. Compared to patients with negative PCR results at enrollment, those testing positive had higher organ dysfunction scores and a trend toward higher mortality rates (PCR negative, 25.3%; PCR positive, 39.1%; P ϭ 0.115). In predefined cohorts of patients with a fungal amplicon, these were observed twice as frequently as cultures positive for fungi, and both results were associated with approximately 90% mortality. These data lend support to the concept that the presence of a pathogen-associated DNA amplicon reflects a meaningful event in severe sepsis. PCR warrants further investigation regarding its suitability to guide antiinfective therapy, particularly in regard to fastidious and difficultto-culture pathogens, such as Candida species, or specific resistance problems, such as MRSA. The strategy using PCR in order to close the gap regarding those pathogens not covered by guideline-recommended initial treatment has been advocated lately to address emerging clinical needs (208) . This could be achieved by technically less-demanding tests with higher accuracy and more cost-effectiveness.
Although recovery rates of PCR are generally higher than the ones obtained by conventional culture, the identification of an allegedly causative microorganism fails in the majority of sepsis episodes even in the most severely sick septic patients. This has prompted efforts to improve the preanalytical handling of blood samples to increase sensitivity. Whole blood as a template for PCR (18, 140) . A cloned truncated protein derived from CXXC finger protein 1 can be used for affinity chromatography to achieve a relative enrichment of bacterial DNA out of blood samples from septic patients. In comparison to BC, an approximate 3-fold increase in sensitivity was achieved in a limited cohort of patients with episodes of bacteremia or "DNAemia," while the time to result was reduced, as in other PCR-based approaches, to less than 8 h (234) despite the additional preanalytic step. However, it needs to be emphasized that culture-independent nucleic acid amplification-based approaches are not fast enough to postpone empirical anti-infective therapy and are hampered by a limited capability to assess resistance, in particular for Gramnegative infections. They have potential as a supplement to BC to reduce the time to results to readjust antimicrobial therapy, specifically for infections such as those by Candida or MRSA, which are not covered by guideline-recommended treatment. Such strategies which modify empirical antibiotic therapy to restrict the duration and narrow the spectrum of therapy are currently considered valuable and may minimize the development of resistant pathogens and help to contain costs.
The Promise of Systems Biology and "Omics" Technologies
There is great hope that systems biology approaches using highthroughput technologies, such as transcriptomics, proteomics, and metabolomics, will contribute to a better understanding of the pathophysiology of sepsis and systemic inflammation and will allow the development of better sepsis biomarkers (103, 248, 302) . There are recent data that suggest that transcriptomic profiling by multiplexed quantitative PCR (qPCR) and metabolite detection by liquid chromatography-tandem mass spectrometry (LC-MS/ MS) may have potential in the clinical development of diagnostic tests that are capable of overcoming the limitations of single molecules to differentiate between infectious and noninfectious causes of systemic inflammation and help to determine the status of the patient's immune system (240, 263) . Mass spectrometrybased proteomic profiling technologies, such as ProteinChip surface-enhanced laser desorption ionization (SELDI), have been used to identify host response signature proteins for the diagnosis of pathological conditions such as early-onset neonatal sepsis, intra-amniotic inflammation, and severe acute respiratory syndrome (46, 201, 210, 233) . The great potential of an unbiased approach to the identification of novel host response biomarkers for the early and accurate diagnosis of septicemia by quantitative proteome profiling with MALDI-TOF mass spectrometry was recently demonstrated in an excellent case-control study of preterm infants with neonatal septicemia and necrotizing enterocolitis (NEC) (191) . Proapolipoprotein CII (Pro-ApoC2) and a desarginine variant of serum amyloid A (SAA) were identified as the most promising biomarkers and were validated in a prospective cohort study with 104 consecutively suspected sepsis/NEC episodes by using an ApoSAA score computed from plasma ApoC2 and SAA concentrations. The stratification of infants into different risk categories by the ApoSAA score enabled the withholding of treatment of 45% of nonsepsis infants and the enactment of an early stoppage of antibiotics in 16% of nonsepsis infants. The negative predictive value of this antibiotic policy was 100% (Table 1) (191) .
Expression profiling is an approach that involves the use of microarray technology to simultaneously measure mRNAs of thousands of transcripts. This provides a rapid method for the unbiased screening of thousands of molecular species in a single assay (58, 62) . Insights from such genome-wide transcriptomic profiling studies that involved trauma and burn patients (306) as well as data from endotoxin challenges in human volunteers (51) suggest that all these stressors induce a "genomic storm" in which up to 80% of the leukocyte transcriptome is altered, involving the systemic inflammatory, innate immune, and compensatory antiinflammatory responses as well as the suppression of genes that regulate adaptive immunity (306) . The authors of that study concluded that there is no other clinical condition that is associated with "such diversity and magnitude of genomic changes"; moreover, they could not align their findings at the level of the transcriptome with the current SIRS/CARS paradigm (51, 306) . Interestingly, all genes moved in the same direction regardless of the patient's clinical course, and delayed clinical recovery with organ injury was not associated with dramatic qualitative differences in the leukocyte transcriptome. In these trauma and burn patients, there was no evidence of a single gene or cluster of genes where expression changed in association with the clinical course and outcome (306) . These conclusions, however, are limited to the fact that they were based on transcriptomic changes, and measurements of the proteomic and metabolomic levels are missing. In this respect, transcriptomic profiling using a whole-genome approach is obviously less suitable to reflect the clinical course of systemic inflammation than single biomarkers such as interleukin-6, procalcitonin, and pro-ADM (102, 106, 114, 187, 200) .
However, genome-wide analysis across the spectrum of pediatric SIRS, sepsis, and septic shock demonstrated that there were some common patterns of gene expression and repression across the entire spectrum, with upregulated genes relating broadly to innate immunity and inflammation. Furthermore, there also existed patterns of gene expression that were relatively specific to each of these three clinical syndromes, in particular for septic shock (303) .
The authors of a recent systematic review that comprised 12 studies with genome-wide expression data for early and late sepsis in children and adults did not find strong genomic evidence to support the classical two-phase model of sepsis (268) . The most consistent finding in those studies was an upregulation of pathogen recognition and signal transduction pathway genes during the early and late phases of sepsis. In contrast, changes in the inflammatory pathways were much less consistent, and the early, transient increase in levels of some proinflammatory mediators was evident only in a minority of studies. In some studies, the expression of anti-inflammatory genes dominated over the expression of proinflammatory genes (268) . McDunn et al. investigated the hypothesis that transcriptional profiles of circulating leukocytes can be used to monitor the host response in such a way that the onset of an infection-specific transcriptional program may precede the clinical diagnosis of pneumonia in patients (176) .
Potential of gene expression profiling to distinguish SIRS and sepsis. Some studies suggested that gene expression profiling may help to differentiate between sterile SIRS and early sepsis (123) and enable the discrimination of patients with acute infections (217) . A set of 85 leukocyte genes (circulating leukocyte RNA profiles or "riboleukograms") detected ventilator-associated pneumonia (VAP) in 158 intubated patients after blunt trauma (57 [36%] of whom developed VAP) with a sensitivity of 57% and a specificity of 69% (61, 176) . In ventilated children, expression patterns of 48 genes appeared to discriminate children with and children without VAP (299) . Another research group identified a molecular signature of 138 genes expressed in peripheral blood mononuclear cells that could differentiate between sepsis and SIRS among 70 critically ill patients with 80% accuracy (sensitivity of 0.81 and specificity of 0.79) (269) .
A recent prospective multicenter study provided a proof of concept that a set of 42 molecular markers could differentiate between postsurgical SIRS and bacteremia with an accuracy of between 86 and 92% for the detection of sepsis (263) . In that study, 145 human white blood cell (WBC) genes associated with acute infection and inflammation were identified as being abnormally expressed. From these, a panel of 42 genes linked with innate and early adaptive immune function/activation pathways were identified a priori by using preclinical research outcomes, allowing a platform transfer to a multiplex qPCR format, retaining sensitivity and specificity, with a time to result within hours (263) . The clinical utility of both molecular tests to identify pathogens and the ensuing host response still has to be evaluated with sufficiently powered prospective clinical utility trials with a design to allow assessments of their potential to distinguish SIRS from sepsis and to guide therapy.
There is hope that improved molecular diagnostics and prognostics based on transcriptomic, proteomic, or metabolic profiling will not only result in a better understanding of the complexity of systemic inflammation but also lead to new diagnostic tools which help to recognize infection and sepsis earlier and differentiate between infectious and noninfectious inflammation. Such tools also hold promise for the identification of new therapeutic targets and the identification of patient populations that may benefit from specific interventions that are aimed at these targets.
